Detailed theoretical investigations on the electronic and magnetic properties of the ThFe 11 C 2 compound have been performed using both the linear muffin-tin orbital and Korringa-Kohn-Rostocker methods of band structure calculation. The structure of the ThFe 11 C 2 compound has three inequivalent iron sites with different local environment. A strongly enhanced magnetic moment is observed on certain Fe positions, coexisting with much lower magnetic moments on other iron positions of the lattice. Band structure calculations indeed show that the Fe magnetic moments depend strongly on the local environment. The average Fe magnetic moment obtained from these calculations is in good agreement with the experimental average Fe moment obtained from magnetization measurements. The orbital contribution to the magnetic moment is found to be especially large on the Fe 4b position.
I. INTRODUCTION
Intermetallic compounds with 4f or 5f elements and transition metals exhibit remarkable magnetic properties that enable their use as hard magnets. Also, these compounds are a challenging class of materials, interesting for fundamental research because of their prominent physical properties such as, for example, the magnetic exchange interaction and magnetocrystalline anisotropy.
In the last few years, many investigations have been performed to study the influence of interstitial elements (C, N, or H) on the Curie temperature or the magnetization of Fe-rich materials in binary or ternary compounds. The binary Fe-N and Fe-C compounds also have attracted much interest, particularly Fe 16 N 2 , since giant magnetic moments have been found for Fe, thus leading to intensive research on both bulk and thin films samples in the last decades. [1] [2] [3] [4] [5] In the meantime, ternary compounds containing rare-earth elements or thorium, transition metals, and metalloids also have been investigated.
Among these newly discovered phases, the ThFe 11 C x compounds deriving from BaCd 11 structure type 6, 7 have been evidenced. This carbon stabilized type of interstitial alloy is isotypic with the manganese-based series LaMn 11 C 2Àx (Ref. 8 ) and with the pseudoternary RFe 10 SiC 0.5 (R ¼ Ce, Pr, Nd, Sm). 9 For R ¼ Th it was found that no Si substitution was required to stabilize the phase. A structural investigation of the ThFe 11 C x phases has been reported elsewhere. 10 The investigations of the magnetic properties of ThFe 11 C 1.5 and ThFe 11 C 1.8 compounds show that the C concentration has a large effect on all magnetic properties of these compounds. 10, 11 The Curie temperature and the Fe-Fe exchange interaction increase with carbon content in the compound. The Curie temperature determined using Arrott plots is 419 K for ThFe 11 C 1.5 and 512 K for ThFe 11 C 1.8 , respectively. On the other hand, the saturation magnetization and the paramagnetic effective moments decrease by increasing the carbon concentration. According to Isnard et al., 11 the spontaneous magnetization at 5 K is 22.0 l B and 20.7 l B per formula unit for ThFe 11 C 1.5 and ThFe 11 C 1.8 , respectively. The effective Fe moments and the Curie temperature are of the same order of magnitude as in the binary compound Fe 3 C (Refs. [12] [13] [14] and the 3d magnetism is significantly delocalized when compared with a-Fe. 11 A spin reorientation transition takes place at low temperatures, a result of the competition between anisotropy terms of the Fe sublattices. 15, 16 In addition, the later studies on ThFe 11 C x (x ¼ 1.5 and 1.8) show that the spin reorientation temperature decreases significantly upon increasing the pressure. 15 Linear muffin-tin orbital (LMTO) and spin polarized relativistic Korringa-Kohn-Rostocker (SPR-KKR) band structure calculations have been performed in order to investigate the magnetic properties of the ThFe 11 C 2 compound and to correlate the results with previous experimental measurements. 10, 11 Th-Fe-C hybridization effect is investigated and the influence of the local environment on the magnitude of a) the Fe magnetic moments and hyperfine fields is discussed. For a more appropriate description of the orbital magnetic properties of the ThFe 11 C 2 compound we used the dynamical mean field theory (DMFT) as implemented within the KKR method. 17 The local spin density approximation þ dynamical mean field theory (LSDA þ DMFT) calculated orbital magnetic moments have been used to scale the valence band contribution to the hyperfine field of Fe atoms. We also scaled the core polarization contribution, underestimated by the LSDA calculation methods, 37, 40 in order to improve the agreement with Mössbauer measurements. The paper is organized as follows. Details of the band structure computations are described in Sec. II, the corresponding results are discussed in comparison with earlier reported experimental results in Sec. III, and the conclusions are summarized in Sec. IV.
II. COMPUTATIONAL DETAILS
LMTO electronic band structure calculations in atomic spheres approximation (ASA) have been done in the framework of LSDA to the density functional theory, 18 including the so-called combined correction terms. 19 The calculations have been done in the relativistic mode, i.e., all relativistic effects have been taken into account, including spin-orbit coupling. The LSDA parametrization for the exchange-correlation energy as suggested by Vosko, Wilk, and Nusair was used. 20 The angular momentum expansion of the basis functions was taken up to l ¼ 3. The k-space integration was performed using the tetrahedron method 21 on a grid of 280 k points in the irreducible part of the Brillouin zone. From the energy bands and the LMTO eigenvectors total and orbital (l-projected) density of states (DOS) functions were calculated.
The SPR-KKR method in the ASA mode [22] [23] [24] has been used in addition to determine the electronic structure and magnetic properties of the ThFe 11 C 2 intermetallic compound. The same LSDA parametrization as for the LMTO calculations was used. For integration over the Brillouin zone, the special points method has been used 25 with a comparable k-points density as for the LMTO calculations. Also, the same Wigner-Seitz (ASA) radii for the atomic spheres approximation have been used for both SPR-KKR and LMTO calculations. Details of the SPR-KKR method, in particular the corresponding calculations of the hyperfine fields, have been described in detail elsewhere. [26] [27] [28] Also, a KKR-based approach to deal with many-body effects using the DMFT has been used in particular to describe the magnetic properties of the ThFe 11 C 2 compound. While the spin magnetic moments are described rather accurately by the LSDA, the orbital magnetic moments are systematically underestimated. As it has been shown before, 29, 30 accounting explicitly for local correlations within the LSDA þ DMFT approach can improve the description of the orbital magnetic moments substantially. We used the LSDA þ DMFT scheme, self-consistent with respect to the self-energy and the charge density, as implemented within the relativistic SPR-KKR formalism. 17 As a DMFT solver the relativistic version of the so-called Spin-Polarized T-Matrix Plus Fluctuation Exchange approximation 31, 32 was used. The self-energy within the DMFT is parametrized by the average screened Coulomb interaction U and the Hund exchange interaction J. The J parameter can be calculated directly within the LSDA and is approximately the same for all 3d elements. The parameter U is strongly affected by the metallic screening and it is estimated for the 3d metals between 1 and 3 eV. We used J Fe ¼ 0.9 eV and U Fe ¼ 2.0 eV for the Fe atoms throughout our calculations.
III. RESULTS AND DISCUSSIONS
As reported in previous work, 6,7,10 the ThFe 11 C x compounds crystallize in the BaCd 11 -type structure having I4 1 /amd space group symmetry. The corresponding crystal structure is shown in Fig. 1 with site occupation and the coordinates of the atoms in the ThFe 11 C 2 compound presented in Table I . Three inequivalent Fe sites are found in the BaCd 11 structure type: Fe(1) on the 4b site, Fe(2) on the 8d site, and Fe(3) on the 32i site. The C atoms are located on the interstitial sites on the axis between two Th atoms, at equal distance from four Fe(3) atoms. 10, 33 The Fe(3) atoms sitting on 32i sites have the property to adjust their position to the neighbors without major lattice expansion. This allows the structure to take up C atoms with only minor change in the elastic energy of the lattice, thereby increasing the stability due to the additional C-metal atom bonds. The bond lengths in ThFe 11 C x compounds (x ¼ 1.35 and 2) have been determined by Isnard et al. 10 The shortest bond length between C and Fe atoms is 1.90 Å for the Fe(3)-C bond in ThFe 11 C 2 compound at 5 K. Also, the Fe-Fe distances within the polyhedron around the C atoms range between 2.53 and 2.75 Å at 5 K for the ThFe 11 C 2 compound. Relativistic LMTO band structure calculations have been performed for the ThFe 11 C 2 compound in the BaCd 11 type of structure with the experimental lattice parameters (a ¼ 10.262 Å and c ¼ 6.656 Å ). 10 The Wigner-Seitz (ASA) radii used for the LMTO calculations are shown in Table I . The spin resolved DOS for this compound is presented in Fig. 2 . The electronic density of states in the region between À8 eV and the top of the valence band originate from all components with the main contribution stemming from Fe-d and C-p states. This result reflects the covalent nature of the interatomic bands in ThFe 11 C 2 compound. The Th contribution in the valence band is small; the Th-f states are mainly located at the bottom of the conduction band. Near the top of the valence band the contributions of the Fe atoms dominate with smaller contributions from other atoms. As can be seen in Fig. 2 , the DOS of the three Fe sites are different in shape. In particular, the Fe(3) sites show a large broadening due to the higher degree of hybridization with their next neighbors, the C atoms which are located at the shortest distance from the Fe(3) atoms (1.90 Å ). The observed difference in the exchange-splitting of the three Fe sites reflects the different magnetic moments on the Fe sites. The presence of C interstitial atoms causes charge transfer from C and Th to the Fe(3) atoms partly filling their 3d bands and reducing their magnetic moments, as will be shown in the following. It is worth noting that whereas the Fe(2) and Fe(3) atoms are characterized by weak ferromagnetism with none of the 3d subbands being completely full, the Fe(1) atom at the 4a position exhibits a strong ferromagnetic behavior with a fully filled 3d spin up band. This feature is not very common since iron compounds are often expected to be weak ferromagnet. This enhanced Fe magnetic moment value calculated on the Fe(1) position is significantly larger than the magnetic moment expected from the Slater-Pauling curve whose expected maximum is located at $2.5 l B /atom. This obviously indicates the large effect of the local atomic environment on the magnitude of the Fe magnetic moments.
Neutron diffraction studies, 10 as well as magnetic ordering temperature measurements using a Faraday torque balance, 15 showed that below 200 K the magnetization of the ThFe 11 C 1.8 compound is oriented perpendicular to the c axis. The magnetic moments obtained from LMTO band structure calculations for ThFe 11 C 2 with the magnetization perpendicular to the c axis are presented in Table II , together with the magnetic moments calculated by LMTO and SPR-KKR with the magnetization parallel to the c axis.
As one can see in Table II , the band structure calculations indeed show that the Fe magnetic moments strongly depend on the local environment. Small induced magnetic moments are present on Th and C atoms. We note the very good agreement between LMTO and SPR-KKR calculated magnetic moments. An exception occurs for the Fe(2) magnetic moment where the magnitude obtained by these calculation methods differs by about 10%. Both LMTO and SPR-KKR calculation methods show that the highest magnetic moment is that of the Fe(1) atom, which is the most distant atom from C and has the largest distance to the next neighbors (2.70 Å ). 10 The smallest magnetic moment occurs for the Fe(3) atom having the metalloid C as nearest neighbors, at 1.90 Å . As the distances to the next neighbors of the Fe atoms are increasing, the hybridization is reduced, favoring the higher magnetic moments for the Fe(2) and Fe(1) atoms. On the Fe(2) position, the LMTO calculated magnetic moment is close to that observed in many iron alloys and compounds including elemental a iron. The large magnetic moment calculated on the Fe(1) position in ThFe 11 C 2 surpasses the largest magnetic moment calculated for Fe 16 N 2 . 3, 4, 34 As expected, the Fe magnetic moments mainly originate from spin, the orbital moments of Fe obtained by the LMTO calculations range between 0.05 and 0.12 l B . The orbital moments of Fe are substantially increased when using the LSDA þ DMFT calculations compared to the LSDAbased results. It is worth remarking that the orbital magnetic moment of Fe is rather similar on both Fe(2) and (3) sites but is clearly highest for the Fe(1) position. This large orbital moment originates from the peculiar atomic environment made of 14 near neighbors and the presence of a major ligand line. 16 Indeed, such an anisotropic environment is expected to favor the occurrence of an unquenched orbital magnetic moment.
The influence of the local atomic environment on the magnitude of the Fe magnetic moment has been discussed elsewhere 16 and analyzed in terms of: (i) number and type of near neighbors and the type of local symmetry, (ii) the atomic volume of the Wigner-Seitz cell, and (iii) the occurrence of bonds with metalloid near neighbors (B, C, N, …). The hierarchy of the magnetic moments magnitude reported here is in agreement with this analysis.
The average LMTO calculated magnetic moment of Fe in ThFe 11 C 2 is 1.83 l B (for M ? c as well as M k c), while the average Fe magnetic moment of ThFe 11 C 2 by SPR-KKR (LSDA) is 1.90 l B , in very good agreement with the value of 1.88 l B determined from magnetic measurements for the ThFe 11 C 1.8 compound. 11 Also, the saturation of magnetization of 20.7 l B /f.u. for ThFe 11 C 1.8 (Refs. 10 and 11) is in good agreement with the calculated total magnetic moment per formula unit (19. The pressure effects on the magnetization of ThFe 11 C 1.5 and ThFe 11 C 1.8 have been investigated by measurements at low temperatures. 15 The decrease of magnetization with pressure at 5 K is quite low in both samples. The values obtained for ThFe 11 C 1.5 and ThFe 11 C 1.8 are d ln M s =dP ¼ À1:3 Â 10 À3 kbar À1 and d ln M s =dP ¼ À0:3 Â 10 À3 kbar À1 , respectively. The LMTO calculations for ThFe 11 C 2 indicate that a hydrostatic pressure of 8.5 kbar would produce a strongly reduced decrease of the total magnetic moment of the system (m s þ m l ¼ 19.45 l B /f.u.). This corresponds to a value of d ln M s =dP ¼ À0:6 Â 10 À3 kbar À1 comparable with experimental measurements.
The hyperfine fields calculated using the SPR-KKR formalism 28 are presented in Table III together with the results of corresponding Mössbauer measurements. 35 The theoretical hyperfine fields are split into contributions from the core s electrons via Fermi-contact interaction, contribution from non-s core electrons and valence electrons contribution. The non-s electronic contributions are induced by the spin-orbit coupling and they are in general opposite to the normally dominating core polarization field. For Fe the mechanism is connected to the d valence electrons. We notice that the site Fe(3) has the lowest hyperfine field, due to the core contribution, which is about half of the magnitude on other Fe sites. In addition, the valence contribution for this site has the same sign as core contribution to hyperfine field, in contrast to the other sites. The sum (core þ valence) is about 60 kG lower than the experimental value for the site Fe (3) . The same discrepancies between the calculated hyperfine fields and the values obtained from Mössbauer spectroscopy analysis 35 are present also for Fe (1) and Fe(2) sites. Discrepancies similar to these have been found before for many other systems and have been ascribed to problems dealing with the core polarization contribution when the spin density functional theory is used on a LSDA level. [36] [37] [38] [39] In particular, Novák and co-workers 37, 40 showed that the contact hyperfine fields for 3d transition metal ferromagnets Fe, Co, Ni and some Fe compounds are underestimated by about 20%-30% by LSDA. Also, there are other aspects that have not been accounted for in a satisfactory way by LSDA-based calculations. The orbital contribution at the hyperfine field, which is proportional to the orbital magnetic moment, is also underestimated, as can be seen in Table II by comparing the orbital magnetic moments from SPR-KKR and LSDA þ DMFT calculations. In order to account for these defects, we estimated the enhanced hyperfine fields by increasing the core contribution by 25% and scaling the orbital valence contribution of the d electrons by the ratio l DMFT z /l LSDA z . As can be seen in Table III , this estimation improves the agreement with experiment considerably. Despite the remaining discrepancies related to the hyperfine fields magnitude, we can conclude that the calculated hyperfine field are in qualitative agreement with the measurements and reproduce the sitedependency quite well.
IV. CONCLUSIONS
The investigations of the electronic and magnetic properties of the compound ThFe 11 C 2 revealed differences in the band broadening, exchange splitting, and density of states at the Fermi level for the various Fe sites, leading to rather different magnetic moments for the inequivalent Fe atoms and hybridization with their C, Th, and Fe neighbors. The Fe magnetic moments increase with the increase of the bond lengths between Fe and their next neighbors. More detailed neutron diffraction measurements would be necessary for comparison but the hierarchy of the Fe magnetic moments obtained from the present calculations is in good agreement with the earlier results from Fe Mössbauer spectroscopy. 35 A large difference in the Fe magnetic moment magnitude similar to that revealed by the present calculations on ThFe 11 C 2 has also been reported for binary Fe 5 C 2 Hägg carbide. 13 However, in contrast to the binary phase ThFe 11 C 2 exhibits an unusually large magnetic moment on the Fe(1) position of about 3.30 l B (for M ? c). This value is significantly larger than the magnetic moment expected from the Slater-Pauling curve. The average Fe magnetic moment and the calculated total magnetic moment per formula unit obtained from LMTO and SPR-KKR calculations are in good agreement with the corresponding values obtained from measurements. 11, 15 The hyperfine fields calculated using SPR-KKR band structure method are in qualitative agreement with the values obtained from Mössbauer measurements. 35 However, similar to other previous calculations for Fe, 28, 39 the magnitudes of the calculated hyperfine fields are too small. The underestimated LSDA-based contribution of the core electrons has been scaled and the LSDA þ DMFT method has been used to improve the valence d electrons contribution to the magnetic hyperfine field of Fe atoms, in order to get this way satisfying agreement with results from Mössbauer measurements. 
